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Abstract Objective This study is to explore the relationship between acetylcholine（ACh）-induced calcium
release from intracellular Ca2+ stores and function of outer hair cell（OHC）motors, in an attempt to elucidate the
mechanism of OHC electromotility at resting state. Methods OHCs were isolated from adult guinea pig
（200-300 g) cochlea and loaded with Fluo-3/AM. The cells were treated with ACh/dHBSS, ACh/HBSS, dHBSS
only or HBSS only. Intracellular [Ca2+]i variations in cells under the four treatments were observed using an Ar-Kr
laser scan confocal microscope. Results [Ca2+]i oscillations were recorded in five OHCs treated with ACh/dHBSS
but not in other cells. This is the first time that Ach-excited [Ca2+]i oscillations are reported in guinea pig OHCs
independent of extracellular calcium. Conclusions ACh-excited [Ca2+]i oscillations in OHCs originates from
intracellular calcium release and may play a crucial role in maintaining active mechanical motility of the OHC at
resting and modulating OHC electromotility.
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Introduction
Otoacoustic emissions, amplification, frequency
selectivity, and compressive nonlinearity represent four
essential characteristics of the active process powered
by outer hair cells (OHCs) as the mechanical effectors
of the cochlear amplifier, which improves the sensitivi-
ty and frequency discrimination of the mammalian co-
chlea［1］. Otoacoustic emissions, which represent the ac-
tive electromotility in the cochlea, are related to the ac-
tive contraction of OHCs［2］. There are strong indica-
tions for the existence of functional intracellular Ca2 +
stores in close proximity to the OHC electromotile ma-
chinery［3］. Release of Ca2+ from such stores may poten-
tially modulate the function of the OHC motors. Since
there are continuous spontaneous otoacoustic emis-
sions when the cochlea is at rest, OHCs may have inde-
pendent rhythm movement similar to myocardial cells
and smooth muscle cells, in which there are constant
cytoplasmic free Ca2 + concentration([Ca2 + ]i) oscilla-
tions［4，5］. We hypothesize that such [Ca2 +]i oscillations
are also present in mammalian OHCs, as its motor out-
put is affected by Ca2 +-dependent pathways. To test the
hypothesis,[Ca2 + ]i variations in isolated living guinea
pig OHCs, maintained in Hanks’balanced salt solution
or dHBSS (without calcium chloride), were studied
with or without stimulation by acetylcholine (ACh).
Materials and Methods
Buffer solutions
Hanks’balanced salt solution (HBSS, PH 7.4, 300
±2 mOsm, Sigma) and dHBSS (without calcium chlo-
ride and magnesium sulfate, PH7.4, 300 ±2 mOsm, Sig-
ma) were used. dHBSS was used in place of HBSS
when calcium imaging of OHCs without extracellular
Ca2+ was desired.
OHC preparation
Healthy adult guinea pigs weighing 200-300 g
were anesthetized with inhalation of ethyl ether. The
temporal bone was harvested following decapitation.
The tympanic bulla and the bony wall of the cochlea
·· 99
Journal of Otology 2006 Vol. 1 No. 2
were opened. The cochlea was then placed in HBSS.
With the stria vascularis and the tectorial membrane de-
tached, the Organ of Corti was separated from the spi-
ral ligament. OHCs were dissociated as described in
previous reports. Strips of the Organ of Corti were
transferred into a 50 μl droplet of HBSS with collage-
nase type IV(1 mg/ml) for 20 min incubation at room
temperature. The strips were then transferred into a 50
μl droplet of fresh HBSS and microdissected under a
stereomicroscope. Isolated OHCs were allowed to set-
tle onto the coverslip for 20 min prior to the experi-
ments.
Calcium imaging
OHCs were incubated for 30 min at room
temperature with Fluo-3/AM （Sigma）, which is
prepared in dry dimethyl sulfoxide（DMSO, Sigma）,
diluted in HBSS to a final concentration of 5 μM for
imaging of free Ca2 + . The cells were placed in either
dHBSS or HBSS buffers with or without Ach (see
Table 1). Excited by a 488 nm Ar-Kr laser, the cells
were studied under a laser scan confocal microscope
（MRC-1024, Bio-Rad） coupled to a standard Zeiss
microscope （Axioplan Zeiss）. Emitted cell
fluorescence was monitored at a 10 seconds interval
for 30 ~ 40 minutes and recorded images were analyzed
with Confocal Assistance 4.0 and Time Corse Kinetic
Software（Bio-Rad）.
Results
Clear[Ca2 +]i oscillations were recorded in the five
OHCs treated with dHBSS (Fig. 1). The oscillation
cycle was about 600 seconds, characterized by a
symmetrical rise and fall in [Ca2 + ]i. The peak [Ca2 + ]i
concentration was about 1.67 times of the trough value.
The baseline and the peak concentrations of all
oscillations were consistent in the same cell. The [Ca2+]
i in OHCs treated with HBSS and ACh elevated
rapidly to the peak that was about 3 times of the trough
value, with no oscillation. No changes in[Ca2 + ]i were
seen in OHCs treated with dHBSS or HBSS only.
Discussion
Although [Ca2+]i oscillations have been previously
reported in parotid cells, hepatocytes, endothelial cells,
oocytes, astrocytes, smooth muscle cells and other
cells, they have rarely been observed in OHCs and this
is the first study demonstrating Ach-induced[Ca2 + ]i
oscillations in OHCs. The mechanism of [Ca2 + ]i
oscillations in OHCs is not fully understood. Previous
studies show that periodical release of intracellular
membrane-associated Ca2 + is responsible for [Ca2 + ]i
oscillations[6]. Modulation of[Ca2 + ]i is involved in the
regulation of numerous cell physiological processes,
in which the second messenger inositol 1,4,
5-tris-phosphate(IP3) plays a key role in most cell types
［6］. The complex control of [Ca2 + ]i is manifested
temporally as repetitive spikes or oscillations and
spatially as propagating waves ［6, 7］, and displays
"adaptation" and "quantal release", which are poorly
understood ［8］. ACh-induced[Ca2 + ]i oscillations in
smooth muscle cells arise from sarcoplasmic
reticulum(SR) Ca2 + release, which requires SR Ca2 +
stores replenishment by Ca2 + influx［5］. Furthermore,
IP3-mediated Ca2 + release is regulated by [Ca2 +]i, with
positive and negative feedbacks acting in a bell-shaped
manner with peak Ca2 + release activity at 300 nM
Ca2 +［9, 10］. The current study shows that Ach-excited
[Ca2 + ]i oscillations in OHCs are also dependent on
endoplasmic reticulum (ER) Ca2 + releasing and
reuptake, not on extracellular Ca2 + influx, for its store
replenishment (Fig. 2). An individual[Ca2 +]i oscillation
(peak-to-trough amplitude) represents an all-or-none
release of all available ER Ca2+. The peak of maximum
Table 1. Treatment of isolated OHCs
Treatment
dHBSS + Ach*
dHBSS + ACh
dHBSS only
HBSS only
Number of Cells
6
6
5
5
* At a concentration of 1mM (Sigma).
Fig. 1 [Ca2 + ]i oscillations in OHCs. a. OHC under a
stereomicroscope. b. OHC loaded with Fluo-3/AM in
dHBSS with 1 mM ACh under the laser scan confocal
microscope (MRC-1024, Bio-Rad). c.[Ca2+]i oscillation in
OHCs bathed in dHBSS with 1 mM Ach.
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[Ca2 + ]i level reached remained constant across time,
suggesting limited Ca2 + store as the source of these
oscillations and occurrence of SR Ca2 + release and
reuptake even during the steady state.
In many cell types, Ca2 + interacts with calmodulin
to activate adenylyl cyclase, producing cAMP that
stimulates protein kinase A. This enzyme
phosphorylates target proteins that constitute the
effectors of myosin-based adaptation motors, whose
activity contributes to setting the operating point of
transduction in OHCs. A Ca 2 + concentration elevation
facilitates detachment of the myosin molecules from
actin ［13］. Most Ca2 +-dependant signaling pathways
regulate the motor output of cochlear OHCs［15］. An
elevation of[Ca2 + ]i resulting in OHC elongation, a
process known as Ca2 +-dependent slow motility, is
promoted by a Ca2 +/calmodulin-dependent pathway［11,
15］. [Ca2+]i oscillations, as a result of repetitive releasing
and refreshing of Ca2 + in the OHC cytoplasm from
intracellular Ca2 + stores, may cause OHCs to
rhythmically elongate and shorten or force the filiment
bundle into spontaneous oscillation ［14］
The current study indicates that Ach-excited [Ca2+]
i oscillations in OHCs may originate from intracellular
Ca2 + store releases as they occurred under a condition
without extracellular calcium supply. This differs from
other reports where Ach-induced Ca2 + effects on OHCs
have been extracellular Ca2 +-dependent［12］ However,
[Ca2 + ]i oscillations in OHCs may also exist in the
presence of extracellular calcium ions. The latter can
be identified by the rapid elevation of [Ca2 + ]i when
OHCs are excited by ACh, which precludes recording
of [Ca2+]i oscillations.
An important question that remains to be
answered is the physiological significance of[Ca2 + ]i
oscillations in OHCs. We suggest that there are
constant [Ca2 + ]i oscillations in OHCs in vivo at rest,
which are maintained by constant ACh release from
efferent nerve endings in the cochlea. Therefore,[Ca2+]i
oscillations cause OHC elongation and shortening or
spontaneous filiment bundle oscillation, which are
closely related to the functions of OHCs’ active
mechanical motility. The results from this study
indicate that Ach-excited [Ca2 + ]i oscillations play an
crucial role in maintaining active mechanical motility
of OHCs. It is also possible that this [Ca2+]i oscillations
may affect spontaneous otoacoustic emissions by
modulating the underlying OHC eletromotility
properties.
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